Abstract. I discuss the advantages of CCD detectors for the type of science done with the Whole Earth Telescope. The advantages are illustrated by my experiences in a collaboration with R. Ciardullo involving photometric monitoring of planetary-nebula nuclei (PNNs). CCDs combine high quantum efficiency with the ability to measure the target, any surrounding nebulosity (or close companions), several comparison stars, and the sky background, all strictly simultaneously. One can therefore monitor faint stars under non-photometric conditions, in bright moonlight, and well into twilight; the total coverage possible in a photometric campaign is extended significantly, and the campaign can be done at full moon in order to compete more successfully for telescope time. Scientific results from our own collaboration include discoveries of close-binary PNNs, a new class of irregularly variable central stars, and seven new nonradially pulsating PNNs. To date we have organized multi-site asteroseismological CCD campaigns on two of the new nonradial pulsatore, NGC 1501 and Sand 3.
I. Introduction: photometric surveys of planetary-nebula nuclei
In the 1970's I became interested in photometry of central stars in planetary nebulae (PNe), following the discovery (Bond 1976) that the previously known eclipsing binary UU Sàgittae is the nucleus of the faint PN Abell 63. In collaboration with A.D. Grauer, we began a program of photometric monitoring of nuclei of low-surfacebrightness PNe, in order to search for more close binaries. In those pre-CCD days, we used conventional photoelectric aperture photometry, albeit with a Nather-type two-star photometer, which allowed removal of extinction and atmospheric transparency variations from the data (Grauer and Bond 1981) . We found that a significant fraction (~10%) of planetary-nebula nuclei (PNNs) are photometrically variable close binaries (see Bond and Grauer 1987; Bond and Livio 1990) .
We went on to become interested in asteroseismology of PNNs when we serendipitously discovered pulsations in the central star of the faint PN Κ 1-16 (Grauer and Bond 1984) . Κ 1-16 proved to have spectroscopic properties rather similar to those of PG 1159-035, the prototype of the GW Vir class of extremely hot, hydrogen-deficient pulsating white dwarfs. Despite an extensive followup photoelectricphotometry survey of other hot, hydrogen-deficient PNNs , however, we did not find any additional pulsating central stars.
In order to make further progress, it was necessary to be able to monitor PNNs in the numerous, well-known nebulae of high surface brightness. Photoelectric aperture photometry is very difficult or impossible in the case of a star surrounded by a bright nebula, since guiding errors and seeing will move the nebula in and out of the aperture and produce spurious variability. The introduction of CCD photometric techniques in the 1980's, however, made such photometry feasible. In this paper I will discuss some of our observing and reduction methods and scientific results, based on a long-term collaboration with R. Ciardullo, and I will try to convince you that the CCD is, by a wide margin, the detector of choice for the type of science done in the Whole Earth Telescope (WET) collaboration.
Advantages of CCDs
The advantages of CCDs for WET-style science include the following:
• The quantum efficiency (QE) of modern CCDs exceeds that of photomultipliers over the whole optical band, from U through I (see, for example, C. Claver's contribution to this workshop).
• CCD observations provide multiple comparison stars, and the sky background, all measured completely simultaneously with the target star.
• Stars in nebulae, or in crowded fields, can be measured.
• The photometric aperture is placed on the target and comparison stars ex post facto.
• Problems that occur in two-or three-star photoelectric photometers, including drift between channels due to mechanical flexure and differential refraction, do not arise in CCD photometry. Let me elaborate on some of the above advantages, since not all of their beneficial implications for WET-type science may be obvious at first glance.
The CCD's high QE allows fainter stars to be monitored with the same telescope, and it allows new astrophysics to be explored. For example, the reflection effect in close, "pre-cataclysmic" binaries containing a white-dwarf component is often largest in the I band, where the CCD QE is mu^h higher than that of PMTs. After photoelectric Β V photometry failed to find a reflection effect in PG 1413+01, an eclipsing pre-cataclysmic with an orbital period of 8 hours, we turned to CCD photometry and found a reflection amplitude of 0.15 mag in the I band.
The strictly simultaneous measurement of comparison stars and sky means that differential magnitudes can be obtained even under very non-photometric conditions. Ciardullo and I have observed at Kitt Peak on moonlit, cloudy nights on which only first-magnitude stars were visible to the naked eye, and obtained perfectly acceptable data. These observations would have been impossible with a two-star photoelectric photometer, since in the presence of moonlight a faint star becomes brighter when a cloud intervenes, but a bright comparison star becomes fainter. This means that the total coverage of a target during a WET-style campaign can b,e increased substantially by using the non-photometric nights.
The placing of the aperture on the targets in software, rather than during the actual observation, is a real advantage. Effects of guiding errors and seeing variations on the measurements are minimized. One can experiment with different aperture sizes to find the diameter that gives the best results. It turns out that the optimal diameter is generally of order the FWHM of the stellar images, and this of course is a very much smaller aperture than typically used in photoelectric photometry. This means that the effective signal from the sky background is reduced by a large factor, and it once again allows one to observe fainter stars with the same telescope. Moreover, one can observe well into twilight both in the evening and in the morning, substantially increasing the monitoring coverage from a given observing site. And one can observe targets of the typical brightness selected for WET runs right through full moon, further increasing target coverage as well as making it easier to receive telescope time assignments.
Some comments on CCD techniques
The above advantages of CCDs for WET-style science may, at first, appear to be offset by some disadvantages. Ciardullo and I have used standard observing software available at the U.S. national observatories (Kitt Peak and Cerro Tololo), with which we simply take one frame after another on our target. The "deadtime" between successive exposures is of order 10-20 sec. Thus the sampling rate may be inadequate for pulsators with periods of only a few minutes (such as the Ζ Ζ Ceti white dwarfs). However, this limitation can be overcome with special techniques, such as on-chip frame storage (cf. Stover and Allen 1987) . Even with conventional techniques the deadtime can be reduced by reading out only the area of the chip that is of interest, e.g., the area containing the target star plus a few nearby comparison stars.
The data volume produced by taking large numbers of CCD frames can be a problem; it was certainly a problem in the days of 2400-foot 6250-bpi tapes. We addressed this problem by saving only 32 χ 32-pixel "postage stamps" around each object of interest in the frames, and packing them into new, much smaller pictures. We did the packing originally at KPNO and CTIO using a forth program "cdphot," written by B. Goodrich, which Ciardullo subsequently implemented in IRAF. There is, however, somewhat less urgency to reduce data volume now that several gigabytes can be stored on an Exabyte or DAT tape that fits in one's pocket. In fact, it proves quite useful to save the entire frames, or the packed pictures, in order to optimize the data reductions at leisure after the observing campaign; this is especially important when stars surrounded by bright nebulae must be measured, or if the seeing varies during the night (which it usually does). We do not recommend use of CCDs in a mode where a "magnitude" is extracted in real-time and the actual frames are discarded.
For stars in bright PNe, we often found it acceptable to use simple aperture photometry, with, as noted above, a rather small aperture diameter. The nebular background in such cases is estimated from a small annulus just outside the stellar aperture. In more complicated scenes, however, Ciardullo developed a technique of subtracting a mean nebula from each frame before performing the aperture photometry on the central star; details are given in Ciardullo and Bond (1996) .
For the highest accuracy, one should take steps to obtain a high-S/N flat field (usually based on frames taken of the twilit evening or morning sky), and ensure that the target stars remain at the same position on the chip throughout the run. (Alternatively, trends with x,y position may be removed from the data.) We also routinely remove trends with the seeing FWHM from our data. See Gilliland and Brown (1992) for further discussion of techniques for high-S/N CCD photometry.
Scientific results from CCD photometric surveys of PNNs
I will conclude by outlining some of the results of our photometric programs on PNNs.
There are now 15 close binaries (with periods ranging from 2.7 hours to a few days) known in PNe. Since the participants in this workshop are interested mainly in pulsating variables, I simply refer to Bond and Livio (1990) and Bond (1994 Bond ( , 1995 where some details on binary PNNs are given.
Among cooler, hydrogen-rich PNNs we have found that most of them are variable, by up to about 0.1 mag peak-to-peak, on timescales of hours. There is a strong correlation of such "irregular" variability with the presence of Ρ Cygni profiles at the C I ν 1550 Â feature in IUE spectra. However, we remain unclear whether there is a causal relation (for example, the variability could be related to variations in the stellar-wind mass-loss rate), or whether the variability (perhaps due to nonradial pulsations) merely happens to occur in the range of stellar effective temperatures where the mass-loss rate is high.
Ciardullo and I used CCD photometry to survey 29 hot, hydrogen-deficient PNNs (of the "0 vi" and "PG 1159" spectral types) for nonradial pulsations. We have found pulsations with periods ranging from about 11 to 31 min in six PNNs (NGC 246, 1501 (NGC 246, , 2371 (NGC 246, -2, 2867 , in addition to the previously known pulsatore Κ 1-16, Lo 4 (Bond and Meakes 1990) , and RX J2117.1+3412 (Vauclair et al. 1993 ). Details will be published in Ciardullo and Bond (1996) . In addition, the very hot WO-type PNNlike object Sanduleak 3 shows nonradial pulsations (Bond, Ciardullo, and Meakes 1991). Our discovery of pulsations in the central star of NGC 246 was a particularly imprëssive demonstration of the efficacy of CCD photometry. The star is a photometric standard (Landolt 1983 ), but Landolt can be forgiven for missing its variability, since the pulsation amplitude is typically of order 2 mmag. With conventional aperture photometry this amplitude is further diminished by the signals from the PNN's visual companion located only 4" away, plus that from the PN itself.
In 1991 and 1992 I organized multisite CCD photometry campaigns on two of the pulsating PNNs, NGC 1501 and Sanduleak 3. The data quality is high (in spite of both campaigns being carried out right through full moon) and the analysis is now being carried out, primarily by Steve Kawaler and his associates here at Iowa State.
